obJect Human lactoferrin (HLF) is a natural protein with antitumor activity. The aim of this study was to investigate the effects of HLF alone and in combination with temozolomide (TMZ), a conventional chemotherapeutic, on human glioblastoma (GBM) cells. methods The authors cultured fresh human primary cell lines NMD and FN and the continuous cell line U87MG to evaluate proliferation in the presence of HLF alone at different doses (1, 10, and 100 mg/ml, and 1 mg/ml) and in combination with TMZ. In in vivo experiments they assessed tumor size reduction in CD1 nude mice carrying an orthotopic GBM xenograft and orally treated with HLF. results Lactoferrin causes growth inhibition in the NMD and FN primary cell lines and in the U87MG continuous cell line. This inhibition seemed to be modulated by the downregulation of cyclin D1 and D4. Western blot and fluorescenceactivated cell sorting analysis showed inhibition of the cell cycle in G0/G1 and G2 phases. When administered in nude mice, HLF (60 mg/kg/day) decreased tumor size about 30%, as shown in both histological analyses and high-field brain MRI. Administration of HLF with TMZ enhanced the effect of chemotherapy both in vitro and in vivo. coNclusioNs This study demonstrated that HLF can inhibit GBM cell growth, suggesting that this nontoxic substance may have a role in potentiating the effect of current TMZ treatment of GBM.
G lioblastoma (GBM) is the most common malignant brain tumor in adults and remains incurable despite aggressive treatment. Significant efforts have been made to identify molecular pathways and genes involved in gliomagenesis 14, 19 and to find novel therapeutic targets. 22 Thus far, however, the standard treatment for GBM has been radiotherapy associated with temozolomide (TMZ) chemotherapy. To discover new substances that can improve the standard GBM treatment, we have focused our attention on human lactoferrin (HLF), a natural agent with no toxicity 16 that has been shown to inhibit both the development of experimental metastases 4 in mice and the growth of intestinal, head, and neck cancer in an in vitro human cancer cell model. 8, 30 This negative effect of HLF on cell proliferation may be ascribed to the altered expression or activity of regulatory proteins. 6 Lactoferrin-dependent, cytokine-mediated stimulation of the activity of natural killer (NK) cells and CD4+ and CD8+ lymphocytes represents an important factor in the defense against tumor growth. There are more of these cells in both the blood and the lymphatic tissue after the oral administration of HLF. Smaller concentrations of HLF (10 mg/ml) stimulate the cytolysis of tumor cells, whereas cytolysis seems to depend on the cell phenotype at higher concentrations (100 mg/ml). 7 Lactoferrin-mediated inhibition of tumor growth may be related to apoptosis of these cells induced by the activation of the Fas signaling pathway; however, the exact mechanism of this function has not been discovered as yet. 11 Documented studies have shown that HLF also significantly reduces the development of various neoplasms such as esophageal, lung, bladder, and colon cancer. 9, 28 Interest-abbreviatioNs bLF = bovine lactoferrin; BrdU = bromodeoxyuridine; BSA = bovine serum albumin; DMEM = Dulbecco's modified Eagle's medium; FACS = fluorescence-activated cell sorting; FCS = fetal calf serum; FRFSE = fast-recovery fast spin-echo; GBM = glioblastoma; HLF = human lactoferrin; NK = natural killer; PBS = phosphate-buffered saline; TMZ = temozolomide. submitted March 11, 2014 . accepted December 11, 2014 . iNclude wheN citiNg Published online July 17, 2015; DOI: 10.3171/2014.12.JNS14512. disclosure The authors report no conflict of interest concerning the materials or methods used in this paper or the findings specified in this paper. This research was supported by the Italian Ministry of Education, Universities, and Research, through PRIN Prot. 2010ZESJWN_006.
In vitro and in vivo effect of human lactoferrin on glioblastoma growth
ingly, HLF has also been very effective in suppressing the growth of pancreatic cancer cells. Lactoferrin could become a new drug of choice for supportive therapy against pancreatic cancer cells in vitro. 23 So far no studies have investigated the effect of HLF on glioma cells. The aim of this study was to explore the effects of HLF on human GBM cell lines in vitro and in mice xenografts.
methods materials
We used 3 human GBM cell lines: 2 primary cell lines (NMD and FN) prepared directly from biopsy specimens from patients (from Neuromed Neurosurgery) and a continuous cell line (U87MG, American Type Culture Collection). For both in vitro and in vivo treatments we used HLF (Bioscience) and TMZ (Sigma). For protein analysis we used the following antibodies: mouse monoclonal antibody anti-cyclin D1, mouse monoclonal antibody anticyclin D4, and rabbit polyclonal antibody anti-pERK1/2 (all Cell Signaling).
cell cultures
The U87MG human GBM continuous cell line and the NMD and FN human GBM primary cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS; Invitrogen) in culture dishes (Becton Dickinson) at 37°C in 5% CO 2 and 95% humidity. The medium was changed every 3 days.
Human Lactoferrin Treatment of Human GBM Cell Lines
To evaluate the in vitro response to treatment with HLF, we plated human GBM cells (U87MG, NMD, and FN) in 24-well plates at 2.5 × 10 3 cells per well in DMEM supplemented with 10% FCS and incubated them at 37°C in an atmosphere containing 5% CO 2 . The following day the cells were treated (every 24 hours for 5 days) with HLF at the following concentrations: 1, 10, and 100 mg/ml, and 1 mg/ml. At 1, 3, and 5 days after HLF treatment, a cell count was made using a Bürker chamber and trypan blue dye (Sigma) to discriminate live cells from dead.
Combined Treatment of Human GBM Cell Lines
To evaluate the in vitro response to combined HLF and TMZ treatment, we plated human GBM cells (U87MG, NMD, and FN) under the same cell growth conditions as in the first experiment. The GBM cells were seeded in 96-well plates (5000 cells/well) and were treated every 24 hours for 5 days with TMZ at 1 mM alone or in combination with HLF at 10 mg/ml. At 1, 3, and 5 days after treatment, a cell count was performed.
analysis of cell cycle proteins after treatment with hlF
Proteins were extracted from the HLF-treated (10 mg/ ml) U87MG and NMD cells in Triton X-100 lysis buffer (Tris-HCL 10 mM, EDTA 1 mM, NaCl 150 mM, Triton X-100 1%, Naf 1 mM, Na4P2O7 1 mM, Na3VO4 1 mM, and protease inhibitors 1×). Proteins (40 mg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 12.5% polyacrylamide gel and were transferred to nitrocellulose membranes by electroblotting. The membranes were incubated for 2 hours at room temperature in 5% milk diluted in 1× Tris-buffered saline containing Tween-20 and then incubated overnight at 4°C with primary antibodies specific for cyclin D1 and D4 and ERK1/2, and 1 hour with a secondary antibody. Each membrane was then incubated with mouse monoclonal anti-b-actin (1:10000, Santa Cruz Biotechnology). The proteins were detected by chemiluminescence using ECL Western blotting (Amersham). Signals were detected by a digital scanner and quantified by densitometric analysis (Scion Image software).
For cyclin D1 and D4 analysis, cells were plated at a density of 500,000 cells per plate in DMEM without FCS for 48 hours. After re-adding 10% FCS, induction was performed with HLF (10 mg/ml) for 2, 4, and 8 hours; anti-cyclin D1 and anti-cyclin D4 antibody (1:1000, Cell Signaling) were used. For pERK1/2 detection, treatments with HLF (10 mg/ml) were performed at 10 minutes, 30 minutes, 2 hours, and 4 hours. The membranes were incubated overnight with anti-pERK1/2 antibody (1:1000, Cell Signaling) in 2.5% bovine serum albumin (BSA).
bromodeoxyuridine incorporation and cell cycle analysis by Flow cytometry
The U87MG human GBM cells were plated (10 6 ) in DMEM with 10% FCS and treated with recombinant HLF (10 mg/ml) or phosphate-buffered saline (PBS) solution (controls) for 24, 48, and 72 hours. Before analysis, 10 mM bromodeoxyuridine (BrdU; Sigma) was added to the cells; after 24 hours the cells were trypsinized, fixed in 70% ethanol, and stored at -20°C until the day of analysis. Cells were incubated in 2 M HCl for 30 minutes and then in 0.1 M sodium borate, pH 8.5, for 2 minutes. Samples were resuspended in dilution buffer (1× PBS, 0.5% Tween-20, and 0.5% BSA) containing 0.3 mg of anti-BrdU antibody (BD Bioscience) and incubated at 4°C for 1 hour. After incubation with anti-mouse FITC-conjugated antibody (BD Biosciences) at 4°C for 1 hour, propidium iodide (10 pg/ ml) was added for 15 minutes. Fluorescence-activated cell sorting (FACS) analysis of the cell cycle was performed with a Coulter Elite flow cytometer (Beckman Coulter).
implantation of u87mg cells
For both the first and the second series of experiments, male CD1 nude mice (Charles River Laboratories; 20-22 g body weight) were housed in controlled conditions (temperature 22°C; humidity 40%) on a 12-hour light/ dark cycle with food and water ad libitum and observed daily. The experiments were performed according to the guidelines for the care and use of animals promulgated by the National Institutes of Health. The U87MG GBM cells were implanted in the caudate nucleus of the mice (400,000 cells per animal) using the following stereotactic coordinates: 0.6 mm anterior to the bregma, 1.7 mm lateral to the meridian line, 3.5 mm in depth from the surface of the skull. Animals were anesthetized intraperitoneally with ketamine (100 mg/kg) and xylazine (10 mg/kg). The cells (0.4 × 10 6 cells/5 ml DMEM without FCS) were im-planted at an infusion rate of 1 ml/minute. At 7 days after inoculation, HLF treatments (60 mg/kg/day) were orally administered for 12 days, and a group of untreated mice were used as a reference standard. At the end of treatment, the mice in the first series of experiments were submitted to high-field (3-T) brain MRI to monitor tumor growth. Subsequently, on the same day as imaging (19 days after inoculation), the mice were sacrificed by cervical dislocation after anesthesia was induced, and their brains were removed, fixed in formalin, dehydrated in ethanol at increasing concentrations, and embedded in paraffin.
From each brain, 10-mm-thick serial sections, sampled from the beginning of the striatum to the hippocampus (1 section every 400 mm), were cut. Subsequently, the sections were stained with Mayer's hematoxylin and eosin (both Diapath) and subjected to analysis for the quantification of tumor volume. The volumetric analysis was performed using software that measures the tumor area in each section and calculates the total volume of the tumor according to the Cavalieri method 13 by using the following formula: V = S (A)i × TS × n, where (A)i is the area of the tumor in level i, TS is the section thickness, and n is the number of sections disposed between the 2 levels.
In the first series of experiments, at 7 days after implantation of the U87MG cells, mice (n = 20) were subdivided into 2 groups: control group (n = 10) and HLF group (n = 10). Treatment was orally administered daily by gavage (saline or 60 mg/kg HLF) for 12 days. Mice were analyzed using brain MRI 19 days after cell implantation.
In the second series of experiments, we tested the in vivo effect of HLF and TMZ in a nude mouse xenograft model. The CD1 mice (N = 32) were inoculated in the caudate nucleus with 400,000 U87MG cells. One week after inoculation, mice were subdivided into 4 groups: 1) Group 1, 8 control mice treated only with dimethyl sulfoxide 0.5%; 2) Group 2, 8 mice treated with TMZ (6 mg/ kg/day); 3) Group 3, 8 mice treated with HLF (60 mg/kg/ day); and 4) Group 4, 8 mice treated with HLF and TMZ (60 mg/kg/day and 6 mg/kg/day, respectively). The drugs were orally administered 5 days per week for 3 weeks.
brain mri
In the first series of experiments, after 12 days of treatment with HLF, the CD1 nude mice inoculated with U87MG were monitored with MRI after anesthesia was induced using intraperitoneal ketamine (100 mg/kg) and xylazine (10 mg/kg). Magnetic resonance imaging was performed on a 3-T GE Signa HDxt scanner (GE Healthcare) equipped with a 20-mm surface coil. We acquired T2-weighted fast-recovery fast spin-echo (FRFSE) images: TE 120 msec, TR 2940 msec, matrix size 256 × 256, slice thickness 2 mm.
The total volume of each tumor was measured using a series of axial T2-weighted FRFSE sequences. Tumor volume was evaluated using Osirix software (http://www. osirix-viewer.com/), open-source software for navigating in multidimensional DICOM images. The area of the lesion was manually drawn on each imaging slice, and the total lesion volume was calculated by 2 blinded independent investigators using the software.
results effect of hlF on the growth rate of human gbm cells
The effect of HLF on GBM cell proliferation was analyzed long term, with cell counts run at 1, 3, and 5 days after treatment. As shown in Fig. 1 , the continuous cell line U87MG had a significant reduction in proliferation; even primary cell lines NMD and FN had a moderate reduction at 3 days of treatment with 1 mg/ml HLF and a more significant reduction at 5 days of treatment with HLF at 1 mg/ml, 10 mg/ml, and 100 mg/ml. The HLF concentration that caused the greatest growth inhibition in all cell lines was 10 mg/ml.
Lactoferrin treatment amplified the effects of TMZ on the proliferation of human glioma cells in vitro. The primary GBM cell lines FN and NMD and the continuous cell line U87MG were treated with TMZ (1 mM) alone or in combination with HLF (10 mg/ml), and after 1, 3, and 5 days, the activity of the drugs on cell count was evaluated. The TMZ treatment appeared to be effective, but a statistically significant reduction in growth was observed in cells treated with a combination of the 2 drugs as early as 24 hours after treatment (Fig. 2) .
evaluating the expression of cell cycle proteins in Nmd and u87mg cells treated with hlF
The expression of cyclin D1 and D4 after 2, 4, and 8 hours of treatment with HLF 10 mg/ml was analyzed using Western blotting on samples of proteins extracted from both the continuous line U87MG and the primary line NMD. In the NMD cell line, we observed a significant reduction in cyclin D1 and D4 within 2 hours after HLF treatment compared with the control sample (untreated cells; Fig. 3A ). The U87MG, however, showed a significant reduction in only cyclin D4 within 2 hours of treatment (Fig. 3B ). These differences between the primary cell line and continuous cell line are supported by their different proliferative rates; that is, the continuous line grows more quickly. The reduction of cyclin D1 and D4 is an early event in the cell cycle. This is why the reduction is evident after just 2 hours of treatment with HLF. After 2 hours of induction, cyclin D1 and D4 reach a steady state and the inhibition induced by HLF is no longer visible.
The results suggest that HLF blocks the cellular cycle in the G0/G1 phase in which the cyclins D1 and or D4 are specifically involved. On the other samples of proteins extracted at different times (10 minutes, 30 minutes, 2 hours, and 4 hours; after treatment with 10 mg/ml HLF), we evaluated the phosphorylation of ERK1 and ERK2. In the primary cell line NMD, HLF significantly reduced the pERK1 and pERK2 at both 10 and 30 minutes after treatment. Even in U87MG, there was a reduction in the pERK1 and pERK2 only within 2 hours of treatment ( Fig.  4) . We used different time courses for cyclin analysis and pERK detection because phosphorylation is an event with an even earlier protein turnover.
cell cycle analysis
Cell cycle FACS analysis in U87MG cells treated with HLF for 24, 48, and 72 hours showed a significant reduction in the percentage of cells in the S phase of the cell cycle that was associated with an increased percentage of cells in the G0/G1 and G2 phases, compared with that in the vehicle-treated U87MG cells. This was associated with a decreased percentage of cells incorporating BrdU, which are otherwise abundant in vehicle-treated cell cultures ( Fig. 5 and Table 1 ). Even in primary cell cultures (NMD) from a patient, the percentage of cells in the S phase and BrdU incorporation were markedly reduced by HLF administration (data not shown).
in vivo experiments
In the first series of experiments, we implanted U87MG cells into the left caudate nucleus of nude mice. The MRI studies 19 days after cell implantation showed that the tumor in all HLF-treated animals (n = 10) was smaller than in the control group (n = 10) and that the margins were more defined with no edema (Fig. 6 ). Histological examination of brain xenografts, performed after MRI analysis, showed a homogeneous tumor mass with sharp borders, which was clearly delimited by adjacent brain tissue. Cytologically, tumors were composed of large pleomorphic cells with abundant eosinophilic cytoplasm ( Fig. 7) . Evaluation by volumetric analysis of slides confirmed that, in mice treated with HLF, tumor size decreased about 30%.
To evaluate long-term effects of HLF and TMZ on the survival of mice carrying GBM xenograft, we conducted a second series of in vivo experiments. The Kaplan-Meier tumor curve demonstrated that HLF alone has a moderate effect on long-term survival; treated mice survived for 5 more days than the control mice (vehicle-treated; Fig. 8A ). Temozolomide alone exhibited a dramatic effect on survival: treated mice died 35 days after the controls. Nonetheless, the combination of HLF and TMZ potentiates the effect of the chemotherapeutic alone; mice treated with the drug combination survived 10 days more than those treated with TMZ alone (Fig. 8B) .
discussion
Despite the scientific progress in understanding the underlying mechanisms of drug resistance, we still do not have an effective therapy for malignant glioma. Current treatments for GBM include standard resection, radiotherapy, and chemotherapy. Despite this multimodal therapy, the prognosis of GBM remains dismal, with a median patient survival of approximately 1 year. 26, 27 Moreover such treatments are associated with different adverse effects that may limit a patient's quality of life. Improving the efficacy of standard treatments with nontoxic substances could benefit such a patient. Drug resistance is the major obstacle in the treatment of gliomas, 10 considering that surgery can result in gross-total resection of the tumor but both microscopic residual (not detectable at MRI) and cancer stem cells are always present. The treatment of glioma is projected toward the integration of nontoxic adjuvants to current therapies.
Lactoferrin has been identified in secretions from exocrine glands and in specific granules of neutrophils. After degranulation, neutrophils become the main source of LF in blood plasma. 1 Lactoferrin possesses different biologi- cal functions and has roles in iron metabolism, cell proliferation, differentiation, and antibacterial, antiviral, and antiparasitic activity. 2, 3, 12, 15, 17, 18, 21, 24, 25, 29, 31 In particular, Kozu et al. demonstrated that the 1-year oral administration of 3.0 g/day of bovine lactoferrin (bLF) induced a statistically significant reduction in the size of a colorectal adenomatous polyp. 17 Similarly, Tsuda et al. showed that the administration of bLF suppressed carcinogenesis in the colon and other organs of test animals and that the ingestion of bLF inhibited the growth of adenomatous polyps in humans. 29 None of these previous studies have shown any toxic effects caused by HLF. In the present study we, for the first time, investigated the effects of HLF on human GBM cells both in vitro and in vivo.
We performed an in vitro proliferation test on GBM cells (U87MG, NMD, FN) in the presence of different HLF concentrations (1 mg/ml, 10 mg/ml, 100 mg/ml, and 1 mg/ml). All tested doses caused growth inhibition of about 30%. We also analyzed the expression of cell cycle regulatory proteins (cyclin D1, cyclin D4) and pERK1/2 in GBM cells treated with HLF. The Western blot analysis showed that, in HLF-treated cells, there was a reduction in the expression of cyclin D1 and/or D4 and a reduction in the protein pERK1/2. These results suggest that the cause of the growth inhibition may be a block of the cell cycle in the G0/G1 phase. This hypothesis was confirmed by FACS analysis: longterm treatment (24, 48, 72 hours) with HLF in U87MG and NMD caused an increase of cells in the premitotic G0/G1 and the G2 phase. However, other mechanisms have been described for the HLF antitumor role, such as the regulation of NK cell activity, 5,7 modulation of the expression of G1 proteins, 6 inhibition of human vascular endothelial growth factor A165-mediated angiogenesis, and enhancement of apoptosis. 32 In our first in vivo experiment, the animals were not allowed to survive beyond the 19 days of tumor growth. However, it is noteworthy that none of the 10 mice that died during observation in both series of experiments belonged to the groups treated with HLF. Mice treated with HLF showed a 30% reduction in the tumor mass compared with tumor in control mice, as evidenced by reconstruction of MRI volumetric images (Fig. 6) . Interestingly, the HLFtreated mice also showed a marked reduction in perile-sional edema on MRI, suggesting a steroid-like effect of HLF reducing the permeability of the blood-brain barrier.
We used the U87MG cell line for in vivo studies because the cells from surgically removed human gliomas, which we had used in vitro, showed limited growth when implanted either subcutaneously or inside the brain of nude mice. We do not have information on the final outcome of brain tumors in mice treated with HLF because the animals were not allowed to survive beyond the 3 weeks of tumor growth. However, it is noteworthy that none of the mice that died during observation in both series of experiments belonged to the groups treated with HLF. In mice treated with HLF (administered for 12 days), there was a reduction in tumor mass compared with tumor in control mice as evidenced by both volumetric analysis of histological sections and reconstruction of volumetric MRI. Magnetic resonance imaging (Fig. 5 ) confirmed that the reduction in tumor growth was about 30%. It is interesting to note that the MRI in the HLF-treated mice showed reduced edema, making the tumor margins more visible. So HLF could also be used as presurgical treatment to make tumor margins more clear for excision. We expect that systemic treatment with HLF will be even more effective in reducing the growth of primary brain gliomas because the antiproliferative action of HLF was persistent in primary cultures of human gliomas. In a second set of experiments we studied the antiproliferative effects of HLF in combination with TMZ, an alkylating agent commonly used for GBM treatment. These experiments showed that HLF potentiates the effect of TMZ alone, inhibiting growth in all cell lines tested (Fig. 2) . The synergism between HLF and TMZ could be used in treating tumors with unmethylated O 6 -methylguanine-DNA methyltransferase (MGMT) that shows a drug-resistant phenotype. 10, 20 To further test the long-term efficacy of HLF and TMZ in vivo, we treated CD1 nude mice carrying an orthotopic GBM xenograft with TMZ alone and with HLF. Mice with combined treatment survived 10 days longer than those treated with TMZ alone.
conclusions
In summary, our study confirms the inhibitory effect of HLF in human GBM cells and its potential role in enhancing the efficacy of TMZ without increasing toxicity.
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